It is well known that optical data processing and optical computing are limited mainly by the capability and availability of real-time devices, such as two-dimensional spatial light modulators (SLM's). For this reason, great efforts by many researchers have been spent in search for usable SLM's. Existing and developing SLM's include the liquid-crystal light valve,' the magneto-optic spatial light modulator, 2 the microchannel spatial light modulator, 3 the Pockels readout optical modulator, 4 and the deformable mirror device. 5 Many SLM's are either forbiddingly expensive or are still in R&D stages. Recently, several small inexpensive compact liquid-crystal televisions (LCTV's) became commercially available. We have investigated the properties of the Radio Shack LCTV for optical-data-processing applications, and what follows is a brief account of our discoveries.
The LCTV has a 5.4-cm by 4.4-cm screen. The unit consists of a two-dimensional mosaic of rasterscanned liquid-crystal cells, each of which is capable of modulating the coherent or incoherent light transmitted through it. The resolution of the LCTV is determined by the number of cells in the screen. The LCTV under investigation has 146 horizontal elements by 120 vertical elements. Each unit cell is 370 ,gm X 370 gim square. The LCTV is equipped with a video input jack, which allows an image to be written electronically with a microcomputer or optically with a TV camera.
For most of our experiments, we have used the computer input mode. When an Apple II+ microcomputer is used, the high-resolution screen with 280 horizontal X 192 vertical pixels addresses 111 horizontal X 96 vertical elements of the LCTV. Therefore, there is a 2 to 1 match of vertical elements, permitting exact registration. However, the horizontal registration is off, causing edge blurring.
A TV camera was also used to provide an input scene, and gray-scale operation was verified by changing the f-stop on the camera.
Each liquid-crystal cell of the TV screen is a 90°t
wisted nematic liquid crystal sandwiched between parallel polarizers. When no electric field is applied, the plane of polarization for linearly polarized light is rotated through 900 by the twisted liquid-crystal molecules, and no light is transmitted through the second polarizer. However, under an applied electric field, the twist and the tilt of the liquid-crystal molecules are altered, resulting in a greater fraction of the light retaining the initial polarization direction. As the electric field is increased further, the molecules do not affect the plane of polarization, and all the light passes through the second polarizer. Transmission losses are then limited to the transmission of two polarizer sheets.
Voltage is applied to each pixel through horizontal and vertical line electrodes, which intersect at each pixel. The voltage applied to each pixel is determined by two factors. First, a brightness control determines a bias voltage across every cell that allows the transmission level of the entire screen to be varied. The input signal from the TV receiver, the computer, or the TV camera then varies the individual voltage applied to each cell modulating the individual transmission of each cell, thus creating a SLM with gray-scale capability. beam was expanded to cover a 1-cm 2 area of the LCTV screen to average over a large number of pixels. The percentage transmission versus voltage is shown as curve A of Fig. 1 . The maximum transmission obtainable is 50%, and the full contrast is about 25/1.
Next, the transmission was measured as the computer wrote uniformly on the LCTV. The computer output places an additional voltage on each cell, modulating its transmission with results shown as curve B of Fig. 1 . The computer voltage has the effect of shifting curve A by about -0.4 V. Therefore the operation of the LCTV using a computer input consists of picking a bias point, using the brightness control, and then having the computer change the bias voltage and the resulting transmission at any pixel.
Maximum contrast is obtained by biasing the brightness control at -0.4 V. The high slope of the transmission-versus-voltage curve ensures that the computer will cause a maximum change in transmission. In many SLM applications, it is important to turn all unused unit cells off, and the preferred bias point is at -1.2 V. However, when the pixels are turned on, the transmission increases only to 5%, with the contrast significantly decreased. This change in the voltage applied to each unit cell is set by the TV circuitry. Attempts to increase this voltage swing for higher contrast were unsuccessful. These included varying the video gain and the analog-to-digital converter adjustment inside the TV and externally amplifying the rf signal from the computer. Therefore, without extensive modification, computer operation of the LCTV can provide only minimal binary transmission.
Measurements also have been made of the Fraunhofer diffraction pattern for light incident upon the LCTV; they are shown in Fig. 2 (a) . As expected from theoretical predictions, the prominent pattern is representative of the grid-matrix type of cell structure of the LCTV elements. Figure 2(b) shows the results when a horizontal grating is written on the LCTV screen with every other line turned on. The expected additional diffraction spots are clearly visible.
Finally, series of measurements have been made using the LCTV as the input screen for a Vander Lugt optical correlator. 6 The correlation system geometry is shown in Fig. 3 . Collimated light from a spatially filtered beam is incident upon plane P1, where the input pattern is placed using the LCTV. The Fourier transform plane P 2 is obtained using a 75-cm focallength lens. The reference beam was also spatially filtered and collimated and then focused using a longfocal-length lens to plane P 3 located beyond plane P 2 . This converging reference beam is used to eliminate the final Fourier-transform lens. 7 ' 8 Matched spatial filters (MSF's) were recorded using a Newport Corporation Model HC-300 thermoplastic recording camera. The focused reference beam synthesizes a Fresnel zone plate within the MSF. Care was taken in recording the MSF to emphasize the spatial frequencies corresponding to the grating information shown in Fig. 2(b) and not the grid information shown in Fig. 2(a) . The MSF was made using a computer-generated Ronchi ruling having a period of 10 pixel lines on the highresolution computer screen.
Plane P 3 contains the correlation between the input pattern and the pattern used in the recording of the MSF. When different computer-generated Ronchi ruling patterns appeared on the LCTV, the correlation spikes were measured using a diode array; results are shown in Fig. 4 . Figure 4(a) shows the output when the input Ronchi ruling pattern is identical to that used in making the MSF. The correlation spike is clearly seen. Figure 4(b) shows the results when a computer-generated Ronchi ruling pattern having a period of 24 lines was fed to the LCTV. The correlation spike is reduced, as expected.
The size of the correlation spike decreased as the period of the input ruling varied about the period used in making the MSF. Our success in optimizing the MSF is shown in Fig. 4(c) , with the LCTV screen uniformly transparent where the correlation spike is almost gone. If the MSF were optimized for the spatial frequencies corresponding to the two-dimensional grid information rather than to the ruling information, the spike would still have been evident.
In conclusion, our experiments show that the LCTV can be used as a SLM. It allows data to be input easily to the LCTV screen from either a microcomputer or a TV camera. The contrast is good when the brightness control is adjusted to midrange. However, if minimum transmission is desired for various unit cells, then the maximum transmission is limited to about 5%. This transmission characteristic compares well with that of the Litton magneto-optical SLM 2 and should be improvable with changes in the internal electronic circuits of the LCTV. At the present stage, only relatively coarse objects can be used as inputs for a real-time correlator because of limitations in the resolution and space-bandwidth product of the LCTV. Nevertheless, TV frame-rate correlation on an input image at a fixed location can be implemented. No shift invariance was observed. This is due to phase nonuniformity of the LCTV, which was discovered by us working with Psaltis's group at the California Institute of Technology campus and also pointed out by one of the reviewers of the manuscript of this Letter. However, the LCTV correlator, after further improvements and modifications, should be useful to robotic vision and space automation programs at NASA and in industry. It is also worthwhile mentioning that the low price and versatility of the LCTV SLM make it attractive for optical-image-processing pedagogical applications.
We are currently investigating other applications for this LCTV, including bipolar modulation, 9 optical subtraction, 1 0 high-gamma nonlinear-optical image processing, and optical division applications."
